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We investigated the magnetic ground state and low-energy excitations of the spin chains compounds SrCuO2
(zigzag chains) and Sr2CuO3 (linear chains) in the presence of quantum impurities induced by lightly doping
(≤ 1%) with Zn2+ (S = 0), Co2+ (S = 1/2) and Ni2+ (S = 1) impurities at the Cu2+ site. We show that
the ground states and the nature of low-lying excitations (i.e., gapped or gapless) depend on the spin state and
symmetry of the defects. For Ni doped chains a spin gap is observed but for Zn and Co doping the excitations
remain gapless. Co-doped chains exhibit magnetic order with critical temperatures significantly enhanced com-
pared to those of the pristine compounds. In the specific case of 1 % Co impurities, the linear chains exhibit
long-range order below 11 K, while the zigzag chain is characterized by a quasi-long range ordered phase below
6 K with correlation lengths of about 12a and 40c units along the crystal axes a and c, respectively. The different
magnetic behaviours of these two compounds with comparable intra- and interchain couplings underpin the role
of spin frustration in the zigzag chains.
Introduction: Quantum spin chains exhibit several novel
properties related to the nature of their low-lying spin exci-
tations. These are known to be gapless for chains compris-
ing half-integral spins and gapped for the integral spins [1].
Due to spatial confinement of spinons, spin chains are ex-
pected to be highly sensitive to the presence of defects or dis-
order. There has been considerable theoretical work on the
random Heisenberg antiferromagnetic (HAF) spin chains in
the strong-disorder limit, pioneered by Ma, Dasgupta and Hu
using the renormalization group (RG) methods [2, 3]. The
strong-disorder RG theory predicts a stable fixed point, called
the random-singlet (RS) phase, to which the system flows to
irrespective of the details of the disorder. Recent experimental
works, however, indicate a similar universal behaviour in the
weak-disorder limit. More specifically, low level of Ca dop-
ing (∼ 10 %) at the Sr site outside the chain structure in the
spin chain compounds SrCuO2 and Sr2CuO3 results in open-
ing of a spin pseudogap in their low-lying excitation spectra,
arising from the bond disorder within the chains due the ionic
size mismatch of Sr2+ and Ca2+ ions [4, 5]. Similarly, merely
1 % Ni impurities at the Cu-site in SrCuO2 opens up a size-
able gap (∼ 8 meV), not related to any structural transition.
These observations led Simutis et al. to suggest that the spin
pseudogap is a generic feature of quantum spin chains with
dilute defects [6]. Here, we investigate this point further by
considering low (≤ 1%) concentrations of defects character-
ized by different spin quantum numbers (S). The role of di-
lute defects is also relevant to such diverse areas as quantum
computing [7] and heat management [8] where quantum spin
chains are expected to play a crucial role.
The main focus of the present letter is to address these
issues in the prototype spin chain systems SrCuO2 (zigzag
chains) and Sr2CuO3 (linear chains), which have an or-
thorohmbic crystal structure with chains along the c− and
b− axis, respectively. The disorder is induced by doping the
chains at the Cu2+ site with Zn2+ (S = 0), Co2+ (S = 1/2)
and Ni2+ (S = 1) impurities. By means of inelastic neu-
tron scattering (INS), we show that the ground state of Ni-
doped Sr2CuO3 is gapped, in line with the previous INS study
on similar Ni-doped SrCuO2 [6]. On the other hand, the
ground state of Co- and Zn- doped crystals is found to be
gapless. We therefore show that in the weak-disorder limit
the details of disorder cannot be overlooked, as opposed to
the strong-disorder case where a random singlet phase is al-
ways favoured. Our measurements of elastic neutron scatter-
ing (ENS) and muon-spin spectroscopy (µ+SR) further ev-
idence that the Co-doping promotes a quasi-long-range or-
dered (LRO) magnetic phase in SrCuO2 whose critical tem-
perature increases with increasing Co content. The role of
zigzag geometry of the spin chains in preventing the Co-doped
SrCuO2 from attaining a true long-range ordered state is dis-
cussed.
Experimental details: All the experiments reported here
were performed on high quality single crystals with mosaic
spread of < 0.5◦, grown using the travelling-solvent-floating-
zone method. Scanning electron microscopy and optical mi-
croscopy under polarized light were performed to confirm ho-
mogeneous doping in the crystals. The actual dopant con-
centration in the Co and Zn doped crystals was found to be
almost half the nominal composition. In the Ni case, the mea-
sured and the nominal concentrations were almost the same.
For details of the crystal growth see refs. 9, 10. The dopant
concentrations in the crystals were independently confirmed
using susceptibility analysis [11]. Here, we have indicated the
nominal compositions in each case. The neutron scattering
experiments were performed at SINQ (Paul Scherrer Institute,
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2FIG. 1. Intensity colour maps of the low energy excitation spectra for
various doped spin chains. The dashed lines correspond to the lower
spinon boundary according to the ‘des Cloizeaux-Pearson’ analytical
result [14]. Panels (a)-(c) correspond to Zn-, Co- and Ni-doped cases
respectively while panel (d) shows the corresponding integrated neu-
tron intensities as a function of energy transfer. Undoped compound
is measured for comparison.
Switzerland) on oriented single crystals weighing about 2 g.
The INS experiments were performed at T = 1.5 K using
the thermal triple-axis spectrometer EIGER with final neutron
energy Ef = 14.7 meV filtered using a graphite filter, while
the ENS experiments were carried out on the cold triple-axis
spectrometer RITA-II, with final neutron energyEf = 5 meV,
using a Be filter to remove the λ/2 contamination. Measure-
ments of muon-spin spectroscopy (µ+SR) were performed at
SµS (PSI) on the GPS spectrometer (piM3 beamline) in the
temperature region 1.6 K < T < 20 K, in conditions of zero-
magnetic field (ZF−µ+SR) [12, 13]. The dc magnetization
and ac magnetic susceptibility were measured using a Physi-
cal Property Measurement System (Quantum Design, USA).
Results: INS experiments are summarized in Fig. 1, where
panels (a) and (b) correspond to Zn- and Co- doped SrCuO2,
respectively, and panel (c) to Ni doped Sr2CuO3. The ver-
tical dashed lines originating at QL = 1/2 indicate the des
Cloiseaux-Pearson characteristic dispersion of spinon excita-
tions [14], for intra-chain coupling, J = 230 meV [15]. Panel
(d) shows the normalized Q-integrated intensities as a function
of energy transfer up to 10 meV for all the considered samples.
An undoped SrCuO2 single crystal has been also measured as
a reference. Surprisingly, all the doped samples have average
spectral weights that are almost five-fold enhanced in this en-
ergy range as compared to the pure sample. However, what
is interesting here is that the intensities of the Co- and Zn-
doped crystals show little variation as a function of the energy
transfer, indicating that these samples are gapless down to the
instrumental energy resolution of 2 meV. Contrary to this, the
Ni-doped samples [Fig. 1(c)] evidences a gapped behaviour
FIG. 2. Magnetic scattering of SrCu0.99Co0.01O2 at the (1/2 0 1/2)
Bragg peak. (a) and (b) depict the QH and QL dependence at 1.5
K. Solid lines are Gaussian fits, while the horizontal bars refer to the
instrumental resolution. (c) shows the order parameter as a function
of T, with a power-law fit (solid line) yielding TN = 6.1(3) K.
with considerably reduced intensity below ∼ 4 meV.
ENS data for Sr0.99Co0.01CuO2 are presented in Fig. 2,
where the magnetic scattering around (1/2, 0, 1/2) at T =
1.5 K is displayed. Measurements were also performed
at T = 20 K, allowing us to subtract a weak, higher-
order wavelength contamination. Panels (a) and (b) show
the background-subtracted pure magnetic scattering along the
QH and QL reciprocal lattice vectors, respectively. These
peaks are broadened in both directions uncharacteristic of
a purely LRO magnetic phase, which is characterized by
instrumental-resolution-limited peak widths. The correspond-
ing correlation lengths obtained are ξa = 44 A˚ (∼ 12 a) and
ξc = 155 A˚ (∼ 40 c). Finally, panel (c) shows the temper-
ature dependence of the magnetic Bragg peak, with a power-
law fit yielding TN = 6.1(3) K. Accordingly, our ENS results
suggest that SrCu0.99Co0.01O2 crystals exhibit an anisotropic
quasi-LRO magnetic phase below T ≈ 6 K. It should be re-
marked that due to Co-doping the TN is sizeably enhanced
from a value of < 2 K in the pristine compound [16].
To further characterize the magnetic phase we use ZF-
µ+SR [12, 13], where the spin (de)polarization function Pz(t)
of implanted µ+ is measured as a function of time (t). In our
measurements [17], the samples were aligned in order to have
the z direction parallel to the crystallographic b axis, but with
an arbitrary orientation of the a-c plane. Experimental Pz(t)
curves for SrCu0.99Co0.01CuO2 are reported at representative
T values in Fig. 3. Curves were fitted using the function:
Pz(t) =
∑
i
aTi cos (γBit) e
−σ2Ti t
2/2 + aLe
−λLt (1)
usual for materials where a LRO magnetic phase is expected
to develop [18]. Here, λL is the longitudinal spin-lattice re-
laxation rate. Its T dependence is shown in the inset of Fig.
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FIG. 3. (De)polarization (Pz) as a function of time (t) for representa-
tive temperatures (T = 1.6, 5.2and10.5 K), shown in ZF conditions.
Continuous lines are best-fits to the experimental data according to
Eq. 1. Inset: T dependence of the longitudinal relaxation rate. The
arrow indicates the estimated TN value.
3, displaying a narrow critical peak around the magnetic tran-
sition. At the same time, the development of two (i = 1, 2)
highly damped, though visible, oscillations in the transversal
fraction at low T denotes a local homogeneous magnetic en-
vironment for the µ+ whose distribution width ∼ σT is still
smaller than the average B value. These features further cor-
roborate that the magnetic ground state of the system as a
quasi-LRO phase. Finally, in agreement with ENS data, ori-
enting z along the a-c plane results in an anisotropic behaviour
of Pz(t), which will be discussed in detail elsewhere [17].
Fig. 4(a) shows the temperature dependence of the dc mag-
netic susceptibility (χ) for Sr0.99Co0.01CuO2. χ along the
crystallographic a and b axes (χa and χb, respectively) is
comparable in magnitude with that of the pristine compound
[9]. On the other hand, χc (parallel to the chains) is signif-
icantly enhanced and shows a well-defined peak at T = 5.4
K. In the ordered state, a splitting of zero-field cooled (ZFC)
and field-cooled (FC) branches was also observed. We no-
tice that TN is strongly dependent on the Co concentration,
as shown in the inset of Fig. 4(a) where data from both dc
magnetisation and µSR [17] are shown. As comparison, χ for
Sr2Cu0.99Co0.01O3 parallel to the chain is shown in Fig. 4(b).
The data exhibit a sharp peak near T = 11 K which marks the
onset of a magnetic LRO phase (confirmed using specific heat
measurements not shown here). It is interesting to note that
no thermomagnetic irreversibility in the susceptibility of lin-
ear chains could be detected down to the lowest temperature
of 2 K in our experiments, which is a crucial difference com-
pared to the zigzag chains under identical doping conditions.
Below T = 4.5 K, we observe an upturn likely related to a
second phase transition at even lower temperatures.
Fig. 4(c) shows the temperature dependence of the real
part (χ′ac) of the ac magnetic susceptibility, measured by ap-
plying an alternating field Hac = 5 Oe with frequency (f )
ranging from 100 Hz to 10000 Hz. χ′ac signals at frequen-
cies smaller than 100 Hz were extremely weak, and the imag-
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FIG. 4. Temperature dependent magnetic susceptibility of (a)
SrCu0.99Co0.01O2 and (b) Sr2Cu0.99Co0.01O3. Inset in panel (a)
shows the variation of TN with Co concentration. (c)Temperature
dependence of the real part of ac magnetic susceptibility (χ′). (d)
Relaxation time (τ ) with respect to the peak temperatures. The solid
lines are fit to the data (see text for details). The curves in panel (c)
are down shifted for clarity.
inary part χ′′ac was even weaker with poor signal-to-noise ra-
tio over the entire frequency range.χ′ac also exhibits a peak in
correspondence to the peak observed in dc χ. The peak posi-
tion shifts towards higher temperatures with increasing f, as is
commonly observed in glassy systems [19]. The correspond-
ing ratio ∆Tf/Tf was found to be around 0.04 per ω decade
(ω = 2pif ). This value is higher than what is typically re-
ported for atomic spin glasses but smaller than the correspond-
ing values reported for superparamagnets [20]. A more quan-
titative analysis can be performed by plotting ln(τ), where
τ = (2pif)−1 is the relaxation time, against the freezing tem-
perature (Tf ) for various ac excitation frequencies [Fig. 4(d)].
The data points were fitted using the theory of dynamical scal-
ing near a phase transition [21]: τ = τ0
(
Tf
Tg
− 1
)−zν
, where
τ0 represents a microscopic characteristic time, Tg is the spin
glass temperature in the limit f → 0 and zν denotes the crit-
ical dynamical exponent. From the fitting, we get a value of
τ0 ∼ 10−10±1 s, zν ∼ 4 ± 1, and Tg = 5.2 ± 0.1 K. The
value of Tg is in good agreement with the position of the peak
in the dc magnetic susceptibility. For atomic spin-glasses, the
values of τ0 and of zν typically lie in the range 10−13±1 s
and 8 ± 1, respectively [21]. The values obtained here fall
in the range that is more frequently reported for systems with
inhomogeneous or short-range ordering [22–26]. An analo-
gous analysis can be performed using the Vogel-Fulcher law
τ = τ0 exp
(
Ea/kB
T−T0
)
, which is typically used for glassy sys-
tems comprising short range order, yielded a reasonably good
fit by fixing the Vogel temperature T0(< Tg) and varying
4τ0 and the energy barrier (Ea) as fitting parameters. For
T0 = 4.2 K, the values obtained for τ0 andEa are respectively
10−10±1 s and 20± 2 K. The value of the former parameter is
in good agreement with the dynamical scaling approach.
Discussion: Antiferromagnetically coupled Ni2+ (S = 1)
defects in a S = 1/2 HAF spin chain are argued to be
screened in a manner analogous to the Kondo-like screen-
ing of a impurity spin in a non-magnetic metallic host [27].
Such an extended defect site essentially decouples the chain
segments, thereby confining the spinons to finite-length chain
sections of average length 〈L〉, which yields a pseudogap in
the spinon excitation, whose size roughly scales as inverse of
〈L〉. Recent NMR results support this hypothesis by showing
that the spin pseudogap scales with the impurity concentration
[28]. The appearance of a gap is also confirmed independently
through the analysis of bulk susceptibility data [11]. Contrary
to this, no detectable gap is found in the crystals doped with
Zn or Co defects, down to 2 meV. In the case of scalar de-
fects (Zn2+, S = 0), chain segments across the defect may be
bridged by an appreciable next-nearest-neighbour interaction
(J ′ ≈ 140 K [15]). The spinons are, therefore, only weakly
confined, which is not sufficient to produce a measurable spin
gap. The Zn-doping should, however, lower the ordering tem-
perature, as is indeed found to be the case [11]. This behaviour
is analogous to that of Pd (S = 0) doped Sr2CuO3 crystals
[29] and is in accordance with the quantum mechanical calcu-
lations of ref. 30.
Co-defects also appear to favour a magnetically or-
dered ground state albeit with an enhanced TN and highly
anisotropic magnetisation, which is presumably related to the
Ising-like spin of Co2+ ions [31, 32]. In Sr2CuO3, for ex-
ample, the TN is increased from 5.4 K in the pristine sample
to 11 K in the sample doped with 1 % Co. The behaviour of
SrCuO2 upon Co-doping is analogous, with the exception that
the ordering temperature is slightly lower (TN ≈ 6 K) and the
ordered phase is not truly LRO. This lack of LRO is related
to the zigzag geometry of its chains. Though interchain inter-
actions favour LRO of the spins (as in Sr2CuO3), frustrated
interactions in the zigzag chain tends to suppress the LRO be-
low T = 2 K[16, 33]. If, however, spin disorder is also in-
cluded in the zigzag chains, a glassy phase will be favoured
[34]. It is interesting that similar levels of Co2+ defects in the
linear and zigzag chains of comparable intra- and interchain
exchange interactions exhibit different behaviours, which un-
derpins the role played by the spin frustration in chains with a
zigzag geometry.
Conclusion: In summary, we investigated the low-energy
spin excitations of the spin chain compounds SrCuO2 (zigzag
chains) and Sr2CuO3 (linear chains) in the presence of weak
disorder, introduced by doping Zn (S = 0), Co (S = 1/2),
and Ni (S = 1). We show that Ni doping in Sr2CuO3 results
in a spin gap analogous to the pseudogap of Ni-doped SrCuO2
reported previously. On the other hand, doping with either Zn
or Co in these compounds does not produce a spin gap as their
spin excitation spectra remain gapless down to 2 meV energy
transfer. Our experiments, therefore, show that whether or
not the ground state of a weakly doped spin 1/2 HAF will
be gapped depends on the quantum state and symmetry of the
doped defect. For the zigzag chains in SrCuO2, we show that
doping with Co for Cu results in a nearly LRO spin state below
T ≈ 6 K. The magnetic correlation lengths were found to be
about 40 and 12 unit cell dimensions along and perpendicular
to the chains. µSR and bulk magnetic susceptibilities corrob-
orate these observations. Our investigations suggest that the
weakly doped spin 1/2 HAF exhibit a rich variety of mag-
netic ground states which should invite further experimental
and theoretical investigations.
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